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Abstract 
One of the primary applications for digital human models (DHMs) is injury prevention.  In the case of orthopedic or soft-tissue 
injuries, it becomes especially useful to couple whole-body predictive DHMs that can simulate tasks with high-fidelity finite 
element analysis (FEA) models that provide more accurate analyses related to the propensity of injury.  In general, the 
complexity of the human body necessitates multi-scale models in order to improve fidelity, which becomes critical when trying 
to relate performance to safety or injury.   To be sure, FEA models are certainly useful as independent tools, but their benefits are 
fully realized only when they are integrated with a complete system-level human model that essentially connects the local model 
to a virtual environment.  Incorporating high-fidelity local models within a larger-scale DHM provides more reliable input to the 
local models and increases ease of use.  Although multi-scale modeling is an active area of research, there have been few, if any, 
efforts to seamlessly link high-fidelity biomechanical models with a complete system-level DHM for injury prevention.  Thus, 
the proposed work integrates Santos, a joint-based, physics-based, predictive DHM, with an OpenSim muscle model and FEA 
models for both the ankle and the knee.  Initial results for this integrated multi-scale DHM have been successful and allow one to 
track joint angles and torques, muscle activation, and joint stress during a simulated task.  In addition, a joint injury system is 
introduced based on the yield stress of the ankle and knee components.  This system includes both the bone and soft tissue 
structures.  The bone was modeled as elastic material, whereas soft tissue was modeled as hyper-elastic material with the Noe-
Hookean method.  Predicted dynamic motion and ground-reaction-force values, as well as results from the FEA models are in 
agreement with results in the literature.  This integrated system allows one to study the effects of various motions and task 
parameters on both the ankle and knee joints so as to modify tasks and reduce the likelihood of injury. 
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1. Introduction 
Injuries of joints such as sprains occur with an estimated frequency of one injury per 10 000 people per day, 
amounting to about 27 000 injuries each day in the United States [29]. The sprained ankle and knee remain the most 
common injury. The life of human is a combination of multiple living scale model, such consideration is supported 
by many researchers [1]. As the applications for digital human modeling (DHM) extend to detail reaching task and 
to the medical issues and to various applications. Hence coupling multiple models becomes necessary for solving 
problem particularly the risk of joint injury. Although, significant advancement in DHM occur but few researchers 
present a multi-scale model for answering some injury issues. As the human system is far complex to be modeled by 
a single tool model, some authors tried to link molecular level to the whole organism level [2]. Other researchers 
considered improving accuracy of bone model by using multi-scale model [3] as in the applications of FEA [8] and 
homogenization [9, 10]. Different applications were implemented by Multi-scale model such as; residual free 
bubbles [4], variation multi-scale method [5], finite element analysis method [6] and heterogeneous multi-scale 
method [7]. The FEA model of the joint is one of the essential parts of the multi-scale model. Researchers have 
differently focused on this part. Jane Goldsworthy et al [24] used only compressive load across ankle joint for the 
FEA model. William Ledoux et al [25] applied an axial compressive load on the tibia bone. Michael Neale et al [26] 
used von Mises stress threshold of 120 MPa to indicate the injury risk to talus and calcaneus bone of the foot FE 
analysis. Wen-Ming Chen et al [27] used GRF with peak value of (623.1 N) as compression loading for ankle joint 
FEA model. Donald D. Anderson et al [28] used a maximum loading up to 2800 N as a compressive on the ankle 
FEA model in which no soft tissues and ligament involved in the model. Sultan and Tim [21] introduced a simple 
multi-scale model for predicting knee joint injury based on some static analysis involving joint torque and external 
ground reaction forces that predicted by DHM Santos. 
It was understood that most researchers tried to predict the joint behavior based on only compression from 
external loading and focused on bone component without considering the soft tissue and muscle forces effect. The 
present work provides a multi-scale model to predict joint injury by considering both soft tissues and the bones in 
the joint. It also considers the shear force in addition to the compressive force. The intent of this work is to 
demonstrate the feasibility of linking complete human model Santos with muscle force computing tool OpenSim 
with FEA joint model and with a risk predictive model to create a groundwork as an injury prevention tool. The 
predictive multi-scale model has the ability to easily expand for different applications and thus can foster 
collaboration with other societies. Including muscle forces computed by OpenSim improves the accuracy of the 
proposed multi-scaled model. The importance of the proposed system is that the system having a tool to predict the 
risk of injury and this can indicate the proper action for prevention. 
2. Method 
2.1.  FEA Model  
A 3D model in IGES format for the knee joint and STL format for the ankle joint were provided by the 
Department of Orthopaedics at the University of Iowa. Both IGES and STL format models were then exported to 
Abaqus 6.13 software for meshing and analysis. All ligaments and menisci were represented with very basic models 
in Abaqus 6.13, and the components were then assembled to form a complete ankle and knee joint model.  
All joint components were meshed using the tetrahedron element (C3D4) for the knee joint model. For the ankle 
joint model, all components were meshed as a hexahedral element (C3D8). Constraints were used to tie all 
ligaments to the joint bones.  
Contact problems were developed for three pairs of components. In the knee joint model, the first pair included 
the contact between femur cartilage and patella cartilage, the second between femur cartilage and tibia cartilage, and 
the third between femur cartilage and menisci, as shown in Figure 1a. In the ankle joint model, the contact pair 
between tibia cartilage and talus cartilage is shown in Figure 1c. The loadings for both the knee and ankle joints 
were distributed pressure on the cross-section area and shear force per unit area as shown in Figures 1b and 1d.  The 
coefficient of friction for contact problems was 0.01. 
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             (a)                                            (b)                                        (c)                                         (d)         
Fig. 1. FEA model: a) contact in knee, b) loading in knee, c) contact in ankle, and d) loading in ankle. 
The tibia, femur, and talus bones, menisci, and cartilage were modeled as elastic material [11, 12, 13] with 
Young’s modulus (E) of 18000 MPa for bones and 150 MPa for cartilages and menisci. Poisson’s ratio (n) is 0.3 for 
bones and 0.45 for cartilages and menisci. The soft tissues such as the anterior cruciate ligament (ACL), posterior 
cruciate ligament (PCL), lateral collateral ligament (LCL), medial collateral ligament (MCL), anterior talo ligament 
(ATL), posterior talo ligament (PTL), and deltoid ligament (DL) were modeled as hyper-elastic material using the 
Neo-Hookean method [14]. The values of constant (C10) is 24 and (D1) is 0.0001 [14, 15]. Zero-displacement 
boundary conditions were applied to the upper face of the femur for the knee FEA, and zero-displacement boundary 
conditions were applied to the upper face of the tibia bone for ankle FEA. Several frames were taken to represent 
walking and stair-ascending tasks. 
2.2. Santos DHM 
Santos is built on a biomechanically accurate musculoskeletal model with approximately 109 predicted degrees 
of freedom (DOFs) [16]. There is one joint angle for each DOF, and the relationship between the joint angles and 
the position of points on the series of links (or on the actual avatar) is defined using the Denavit-Hartenberg (DH) 
notation [17].  Predicting posture while considering external loads is deeply discussed by Liu et al [18] and Marler et 
al. [19, 20]. Santos predicts the motion of land-markers in the form of x-y-z positions and three components of 
ground reaction force for a selected task such as walking, stair ascending, running …etc. The predicted then 
exported to a computed muscle tool OpenSim.  
2.3. OpenSim muscle forces 
Predicted data (motion and GRF data) from the DHM Santos were fed to the OpenSim software to compute 
muscle forces along the tendon direction. In OpenSim, many processes are conducted for the purpose of muscle 
computation, such as model scaling, inverse kinematics, the reduction residual algorithm (RRA), computation of 
muscle control (CMC), and finally analysis. After the muscle force along the tendon direction has been computed, a 
program is used to compute the muscle forces direction with respect to the bone skeleton. 
2.4. Ankle and knee muscle analysis 
The main active muscles that articulate the ankle joint are the soleus (sols), gastrocnemius (med-gas), tibialis 
anterior (tib-ant), and tibialis posterior (tib-post). The muscles that articulate the knee joint are rectus femoris (rec-
fem), vastus intermediate (vas-int), sartorius (sar), gracilis (grac), biceps femoris short head (bifemsh), biceps 
femoris long head (bifemlh), and tensor of faciae latae (tfl). These muscles are shown in Figure 2. After the muscle 
force along the tendon direction has been computed, a program computes the muscle forces direction with respect to 
the bone skeleton as well as computing the compression and shear forces on both the ankle and knee joints. The 
ground reaction force (GRF) and muscle forces are used to compute compression and shear force. The direction of 
the compression is normal to the cross-section of the tibia bone, whereas the direction of the shear force is in the 
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plane of the cross-section of the tibia bone. The compression (Acopm) and shear (Ashear) forces acting on the ankle 
joint in a plantar flexion rotation are computed as in Equations (1, 2).  
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For the knee joint, the compression (Kcomp) and shear (Kshear) forces are computed as in Equations (3, 4). 
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Where 
,, ,f f f fc sols c medgas c tibant c tibpost     are the compression components of the ankle muscles 
,, ,f f f fs sols s medgas s tibant s tibpost     are the shear components of the ankle muscles 
, ,, , , ,sintf f f f f f fc recfem c va c sar c tfl c bifenlh c bifemsh c grac       are the compression 
components of knee muscles, ,mg mgtibia foot are the shin and foot weight respectively.  
, ,, , , ,sintf f f f f f fs recfem s va s sar s tfl s bifenlh s bifemsh s grac        are the shear components of 
knee muscles, ,GRF GRFz y are the z and y components of the ground reaction force,  , ankleO T are knee and 
ankle angle respectively. 
3. Multi-scale integration 
The automated process for integrating the components of the multi-scale model proceeds as follows. A user 
works within the Santos software environment. As one conducts analyses using dynamic prediction, one selects an 
option for high-fidelity analysis. The motion land-markers xyz positions and GRF data are exported to OpenSim 
software to compute muscle forces. 
A program to compute both compression and shear force acting on the joint is used. The joint compression and 
shear force are exported to the FEA model and automatically imposed as boundary conditions. The FEA model is 
then run. Currently, a set of 20 finite pre-set joint angles (starting with 0 degree and ending with 95 degree with 
increments of 5 degrees) are used for the knee FEA analysis. Another set of 14 finite pre-set joint angles (starting 
with -30 degree and ending with 30 degree with increments of 5 degrees) are used for the ankle FEA analysis.  
Results from FEA the current joint component stresses are fed to a program to compare with the component yield 
stresses. The integration process is illustrated in Figure 3. 
3771 Sultan Sultan and Tim Marler /  Procedia Manufacturing  3 ( 2015 )  3767 – 3774 
4. Injury prediction algorithm 
The parameters dictating the likelihood of knee injury typically fall into one of the following categories [21]:  
compressive load and external moments, contact depth and area, load-extension relationship, or wear rate. The work 
of this study is concerned with the stresses of all the joint components computed as a result of compressive and 
shear loading during normal walking and stair-ascending tasks.  
After the joint component stress values are computed with FEA, a program compares the current stress values 
with those of the yield values. The yielding criteria used here are the maximum Von Mises stresses [23]. If the 
current maximum stress value for that component of the joint is less than the yield value during the task, the status 
of the joint is likely to be healthy. If the current maximum stress value is equal to or higher than the yield stress, the 
status of the joint is likely to be risky. Figure 4 shows the algorithm procedure for injury prediction. Certainly, as 
loads on the joint increase, the risk of injury increases. However, developing multi-scale models with high-fidelity 
components promises additional insight into the nature of potential injures. 
 
Fig. 2. Ankle and knee joint muscle analysis. 
 
Fig. 3. Integration diagram. 
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Fig. 4. Injury prediction algorithm. 
5. Results and discussion 
Using the FEA model described above, both ankle and knee joints were analysed with a series of frame motions. 
Table 1 shows the results under both compression and shear forces due to normal walking and stair-ascending tasks. 
The results in Table 2 indicate that the maximum value of stress of 35.58 MPa is in the right joint at 14% of the 
walking cycle due to a 1560.01 N compression force and -86.11 N shear force. This amount of stress forms only 
26.35% of the yield stress of the tibia bone.  
 
Table 1. Results of FEA for knee and ankle joints. 
Cycle%  Max Stress Max Strain Max CPRESS GRF Comp Shear 
  (MPa)  (%)  (MPa)  (N) (N) (N) 
Right knee walking 
14  35.58  5.9  1.125  929.37 1560.01 -86.11 
31  30.26  5.9  0.992  807.87 1446.27 -65.783 
47  26.34  5.87  0.952  708.87 1342.61 -51.041 
71  22.41  4.83  1.282  740.59 1193.26 -40.786 
96  25.57  11.92  5.015  615.46 1155.36 -200.54 
Left knee stair ascending 
17  17.61  5.76  1.314  789.51 1195.5 -10.27 
32  23.46  5.55  0.885  681.8 1235.3 -42.7 
58  30.75  4.51  0.904  631.01 1305.5 -79.99 
69  33.58  4.38  1.07  704.41 1362.4 -91.15 
89  31.41  6.18  1.038  826.21 1508.9 -67.44 
Right ankle walking 
14  56.81  11.79  16.2  929.37 1328.9 -168.54 
31  60.14  7.23  11.511  807.45 1241.4 -59.84 
47  17.24  6.08  14.321  708.87 1147.22 -21.55  
71  19.64  5.11  12.931  740.59 964.83 -70.82 
96  37.69  6.97  8.819  615.45 824.75 -171.68 
Left ankle stair ascending 
17  62.57  10.84  12.321  789.51 1009.27 -186.59 
32  51.88  11.83  14.591  681.84 1030.09 -158.08 
58  59.03  7.09  10.901  631.06 1077.2 -44.87 
69  20.73  5.81  13.591  704.46 1129.05 2.48 
96  13.91  4.02  8.013  826.57 44.704 0.927 
 
Where; CPRESS   is the contact pressure, Comp is the compression force. 
The maximum stress value of 33.58 MPa is in the tibia of the left knee joint at 69% of the stair-ascending cycle 
due to a 1362.45 N compression force and a -91.15 N shear force. This forms about 24.87 % of the yield stress of 
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the tibia bone. Both stress values are below one third of the ultimate stress [22]. This means that the result is in good 
agreement with that found in the literature. The maximum value of stress of 60.14 MPa is in the right ankle joint at 
31% of the walking cycle due to a 1241.4 N compression force and a -59.84 N shear force. This amount of stress 
forms only 45% of the yield stress of the tibia bone. The maximum stress value of 62.57 MPa is in the left ankle 
joint at 17% of the stair-ascending cycle due to a 1009.27 N compression force and a -186.59 N shear force. This 
forms about 46% of the yield stress of the tibia bone. Both stress values are less than half the amount of the ultimate 
stress. It is noticed that maximum stress in ankle joint higher that of the knee joint and this because the ankle is 
under direct reaction of external forces of GRF and under more body weight compared to the knee. The graph of 
FEA results, the maximum stress, maximum strain, and maximum contact pressure (CPRESS) in addition to 
compression, shear, and GRF for both the right knee and the right ankle joints are shown in Figure 5. This figure 
also shows Santos and Opensin motions at different values of cycle % for the walking task.  
6.  Conclusions  
This work has presented a multi-scale predictive model of three components for an injury risk strategy. The 
predictive DHM provides the macro-scale model for dynamic prediction while considering external forces. The 
OpenSim software provides a model to determine the muscle force involved in the joint during the task, including 
external forces. The FEA model for the human ankle and knee joint provides an example of a microscale model for 
determining the contact pressure, stress, and strain fields. The feasibility of coupling DHM, the OpenSim model, 
and the FEA micro-scale model has been clearly demonstrated. The predictive multi-scale model is a powerful new 
tool that provides the ability of using human model prediction and extract detailed information regarding stress and 
strain of joint bones and soft tissues, both of which can be tied to the propensity for injury. Tight coupling between 
the OpenSim and Abaqus FEA models was maintained in which data is passed between models seamlessly. 
Currently, the FEM of the knee joint is designed for 20 joint angles, starting from 0 degree to 95 degree with an 
incremental increase of 5 degrees. The FEM of the ankle joint is designed for 14 joint angles, starting from -30 
degree to 3degree with an incremental increase of 5 degrees. The multi-scale model has the ability of expanding and 
may create and foster a collaboration over all world. The multi- scale model predicts the possibility of joint risk and 
may in turn improve various applications. 
 
 
Fig. 5. Plot of results of FEA for the right ankle and knee for walking. 
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